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Abstract

A bacterium capable of degrading 2-methylpyridine was isolated by enrichment techniques from subsurface
sediments collected from an aquifer located at an industrial site that had been contaminated with pyridine and
pyridine derivatives. The isolate, identified as anArthrobactersp., was capable of utilizing 2-methylpyridine, 2-
ethylpyridine, and 2-hydroxypyridine as primary C, N, and energy sources. The isolate was also able to utilize
2-, 3-, and 4-hydroxybenzoate, gentisic acid, protocatechuic acid and catechol, suggesting that it possesses a
number of enzymatic pathways for the degradation of aromatic compounds. Degradation of 2-methylpyridine, 2-
ethylpyridine, and 2-hydroxypyridine was accompanied by growth of the isolate and release of ammonium into
the medium. Degradation of 2-methylpyridine was accompanied by overproduction of riboflavin. A soluble blue
pigment was produced by the isolate during the degradation of 2-hydroxypyridine, and may be related to the
diazadiphenoquinones reportedly produced by otherArthrobacterspp. when grown on 2-hydroxypyridine. When
provided with 2-methylpyridine, 2-ethylpyridine, and 2-hydroxypyridine simultaneously, 2-hydroxypyridine was
rapidly and preferentially degraded; however there was no apparent biodegradation of either 2-methylpyridine or
2-ethylpyridine until after a seven day lag. The data suggest that there are differences between the pathway for
2-hydroxypyridine degradation and the pathway(s) for 2-methylpyridine and 2-ethylpyridine.

Introduction

AromaticN-heterocycles represent an important class
of industrial pollutants, however their environmen-
tal fate is not well understood. Though trace lev-
els of these compounds do occur naturally (Sims
& O’Loughlin 1989), contamination of surface
and groundwaters by pyridine, alkylpyridines, and
quinoline has been traced to anthropogenic sources.
Aromatic N-heterocycles, especially pyridine and
alkylpyridines, are often found at locations associated
with oil shale (Dobson et al. 1985; Leenheer et al.
1982) and coal processing (Pereira et al. 1983; Stuer-
mer et al. 1982), and at wood treatment sites (Pereira
& Rostad 1985); at many such sites, groundwater con-
tamination has been substantial. Of particular concern

has been the high water solubility and potential mo-
bility of manyN-heterocycles through soil (Leenheer
& Stuber 1981), which may contribute to groundwater
contamination by these compounds.

There have been numerous laboratory studies
demonstrating complete mineralization of many aro-
matic N-heterocycles (Sims & O’Loughlin 1989),
however many sites show significant contamination by
parent compounds (Aislabie et al. 1989; Brockman et
al. 1989; Rogers et al. 1985) and hydroxy intermedi-
ates (Pereira et al. 1988) several years after the inputs
have ceased. Biodegradation of pyridine and quino-
line has been observed with pure cultures (Blaschke
et al. 1991; Korosteleva et al. 1981; O’Loughlin et al.
1995; Schwarz et al. 1988; Shukla 1986; Shukla &
Kaul 1974; Shukla & Kaul 1975; Sims et al. 1986;
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Watson & Cain 1975) and native populations in soils
and sediments (Bohonos et al. 1977; Godsy et al.
1992; Kuhn & Suflita 1989; Sims & Sommers 1985).
By comparison, little is known about the degradation
of alkyl substituted pyridines; though at sites con-
tainingN-heterocycle wastes, they often represent a
greater fraction of the contaminant load than either
pyridine or quinoline. Complete mineralization of 2-
methylpyridine (2-MP) by anArthrobactersp. (Shukla
1974), 3-methylpyridine by aPseudomonassp. (Ko-
rosteleva et al. 1981), 2-ethylpyridine (2-EP), 3-
ethylpyridine, and 4-ethylpyridine by a mixed culture
(Feng et al. 1994), and 2-EP, 2,4-dimethylpyridine,
and 2,4,6-trimethylpyridine by severalArthrobacter
spp. (Shukla 1975) has been reported. The purpose
of this investigation was to provide insight into the
microbial degradation of alkylpyridines. Two-MP was
selected for study since it is often the most abundant
alkylpyridine in waste streams and at sites contam-
inated with aromaticN-heterocycles (Dobson et al.
1985; Leenheer et al. 1982; Stuermer et al. 1982). The
objective of this study was to isolate and characterize a
bacterium capable of utilizing 2-MP and to investigate
the degradative process.

Materials and methods

Chemicals

Two-MP (98%) and 2-EP (97%) were obtained from
Aldrich Chemical Co., Inc. (Milwaukee, WI); 2-
hydroxypyridine (2-HP), riboflavin, and lumichrome
were obtained from Sigma Chemical Co. (St. Louis,
MO); lumiflavin was obtained from Fluka Chemika-
BioChemika (Buchs, Switzerland). Organic solvents
were HPLC grade and purchased from J.T. Baker Inc.
(Phillipsburg, NJ) and Fisher Scientific (Pittsgurgh,
Pa). All other chemicals were reagent grade or better
and obtained from Aldrich, Fisher, Fluka, or Sigma.

Media and culture conditions

Unless otherwise indicated, all cultures were main-
tained in liquid mineral salts medium (MSM) contain-
ing 3.35 mmol L−1 KCl, 1.04 mmol L−1 MgSO4,
2.67 mmol L−1 K2HPO4, 2.86 mmol L−1 KH2PO4,
and 1 mL L−1 trace elements solution (Houghton
& Cain 1972), and supplemented with 50 mg L−1

Difcor yeast extract (to meet growth factor require-
ments). The final pH of the MSM was 7.0. Growth

substrates were added as indicated. Unless otherwise
noted, cultures were maintained at 25–28◦C on a
rotary shaker (150 rpm).

Isolation

A bacterium capable of degrading 2-MP was isolated
from subsurface sediments collected from an aquifer
located at an industrial site in Indianapolis, IN that had
been contaminated with pyridine and pyridine deriv-
atives. The sediments, consisting of brown to black,
medium to fine sands, were collected at 7–9 m us-
ing a split spoon sampler. Five grams of sediment
were used to inoculate 200 mL of MSM, contain-
ing 5.37 mmol L−1 2-MP as the dominant source of
carbon and nitrogen. Following incubation for seven
days, 1 mL of the enrichment culture was transferred
to fresh medium. On evidence of growth, several 2-MP
degrading bacteria were isolated by streak plating on
solidified MSM (2% agar) containing 5.37 mmol L−1

2-MP. The isolates were screened for pH tolerance and
rate of growth. One of the isolates, designated as R1,
was chosen for further study based upon its tolerance
of pH values below 7 and its rapid growth on 2-MP.
The isolate was maintained as a pure culture on 2-
MP agar slants stored under ambient conditions. Slants
prepared for long-term storage were maintained at 4
◦C and remained viable for> 2 y (without subsequent
transfers).

Cell morphology and growth characteristics

Isolate R1 was characterized through a series of mor-
phological, physiological and biochemical tests. Gram
reaction and endospore formation were assayed as
described by Doetsch (1981). Examination of cell
morphology was based upon the method described by
Cure & Keddie (1973). Urease activity was assayed
by growth response on Christensen urea agar (Smibert
& Krieg 1982). Standardized biochemical tests were
performed using the API 20Er and 50CHBr diag-
nostic kits (Analytab Products, Plainview, NY); with
Bacillus polymyxaused as a control strain. Membrane
fatty acid methyl esters were prepared for analysis by
the Hewlett-Packard 5898A Microbial Identification
System (MIS) according to the procedures outlined by
the manufacturer (Hewlett-Packard Corp., Avondale,
PA). Quality control guidelines for the operation of
MIS specify that cultures should be analyzed 24 h
after growth on trypticase soy agar. However, after
24 h isolate R1 exhibited only marginal growth on
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this medium. In order to collect enough biomass for
sample preparation it was necessary to either collect
cells from multiple plates or to extend the incubation
times. Both approaches were investigated.

The catabolic activity of the isolate was surveyed
over a range of substrates including hydroxy- and
alkylpyridines, polycyclic aromaticN-heterocycles,
substituted benzoates and low molecular weight or-
ganic acids. All cultures contained 100 mg L−1 of
the given substrate (with the exception of acridine,
which has an aqueous solubility limit of approxi-
mately 32 mg L−1) in MSM containing 0.54 mmol
L−1 (NH4)2SO4, and 30 mg L−1 yeast extract, and
inoculated with cells grown in MSM containing glu-
cose.

2-Methylpyridine, 2-ethylpyridine, and
2-hydroxypyridine degradation

Growth of the isolate was determined over a range
of pH and substrate concentrations. The isolate was
cultured in MSM, at pH 4,5,6,7,8, or 9, containing
2.15 mmol L−1 2-MP, 2-EP or 2-hydroxypyridine (2-
HP). The isolate was also grown in MSM containing
0, 0.05, 0.10, 1.00, 10.0, or 50.0 mmol L−1 2-MP, 2-
EP or 2-HP at pH 7 to determined the dependence of
growth on substrate concentration.

Sterile MSM (pH 7.0) containing either 1.20 mmol
L−1 2-MP or 2.15 mmol L−1 of 2-EP, or 2-HP was
inoculated with cells cultured on MSM containing the
given substrate which were harvested in log phase by
centrifugation. The cells were washed twice, resus-
pended in MSM, and diluted to a uniform cell density.
Media without substrate was inoculated and served
as a control for background growth (i.e., growth sup-
ported by the yeast extract in MSM). Subsamples were
collected at regular intervals and centrifuged; the su-
pernatant was retained for analysis of substrate and
ammonium while the pellet was used to measure pro-
tein (biomass) as determined by the method of Lowry
et al. (1951) standardized with bovine serum albumin.
The concentration of 2-MP, 2-EP and 2-HP in the sam-
ples was determined by reverse phase HPLC using an
Alltech Econospherer C18 220 by 4.6 mm 5 micron
column with UV detection at 262 nm for 2-MP and 2-
EP and 226 nm for 2-HP. The mobile phase consisted
of 50 : 50, 35 : 65, or 90 : 10 (v : v) 50 mmol L−1 am-
monium acetate:methanol, for 2-MP, 2-EP and 2-HP
respectively, at a flow rate of 1 mL min−1. NH+4 was
determined by the indophenol blue method (Keeny &
Nelson 1982).

Degradation of 2-methylpyridine, 2-ethylpyridine,
and 2-hydroxypyridine in a ternary system

Cultures containing MSM amended with 2.15 mmol
L−1 each of 2-HP, 2-MP, and 2-EP were inoculated
with cells grown in MSM containing glucose. Sub-
samples were collected at regular intervals; biomass
and substrate disappearance were determined as pre-
viously described.

Characterization of pigment(s) produced during
growth on 2-methylpyridine

To assay for production of the yellow pigment ob-
served with growth on 2-MP and 2-EP, 1 L cultures
of MSM and MSM containing one of the follow-
ing at 5.40 mmol L−1, 2-MP, 2-EP, 2-HP, acetate,
d-glucose, 4-hydroxybenzoate were prepared. The ac-
etate, glucose, and 4-hydroxybenzoate cultures were
amended with 2.74 mmol L−1 (NH4)2SO4. All cul-
tures were inoculated with cells grown in MSM con-
taining 2.15 mmol L−1 2-MP. When the cultures
had reached late log or early stationary phase (3 d),
the aqueous phase was recovered by centrifugation,
frozen, and lyophilized. The residues were extracted
three times with hot (50◦C) methanol and the extracts
pooled. One mL each of residue extract, authentic ri-
boflavin in methanol, and authentic lumichrome were
spotted on silica gel thin layer chromatography plates
(Baker Si250 TLC plates, J.T Baker Inc., Phillips-
burg, NJ). The plates were developed and visualized
as described by Sims & O’Loughlin (1992).

For spectral analysis, both bacterial pigments and
authentic riboflavin and lumichrome were purified by
preparative TLC as described above. Fluorescence
spectra were obtained with a Perkin Elmer LS-5 scan-
ning fluorescence spectrophotometer. High resolution
Fourier transform infrared spectroscopy (FTIR) was
performed with a Mattson Polaris instrument (Mattson
Instruments, Madison, WI) in the diffuse reflectance
mode. Samples for FTIR were prepared with 300 mg
IR grade anhydrous KBr.

Results and discussion

Identification and characterization of isolate

The isolate, designated as R1, was gram positive in
early growth stages, and became Gram variable in
older cultures. When grown in complex media (nutri-
ent agar or glucose/yeast extract) the isolate exhibited
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Table 1. Comparison of isolate R1 with related general

Isolate R1 Arthrobacter1,2 Brevibacterium1,3 Corynebacterium1,4 Rhodococcus2,5

Rod-coccus + + + + +
growth cycle

Gram stain +6 +6 + + +
Motility + D7 − − −
Strictly aerobic + + + D +
Catalase + + + + +
Endospores − − − − −
Gelatin hydrolysis + + ND8 ND ND

Starch hydrolysis − D ND ND ND

Major fatty acid types S, A. I9 S, A, I S, A, I S, U, T S, U, T

Habitat Sediment Soil Cheese/skin Human/animal Soil/dung

1 Jones & Collins (1986).
2 Keddie et al. (1986).
3 Jones & Keddie (1986).
4 Collins & Cummins (1986).
5 Goodfellow (1989).
6 Readily decolorized.
7 D: Substantial proportion of the species differ.
8 ND: Not determined.
9 S: Straight-chain saturated, U: monounsaturated, A:anteiso-methyl branched, I:iso-methylbranched, T: 10-methyl branched.

a marked rod-coccus growth cycle, however popula-
tions in 2-MP media cultures were composed entirely
of coccoid cells throughout the growth cycle. The rod
forms had a maximum length of 2.5µm and were
generally 0.6µm in diameter. Coccoid cells were typ-
ically 1.2 µm in diameter. Colonies on 2-MP agar
were 3–4 mm in diameter, circular, umbonate, smooth,
shiny, translucent, and cream in color. The isolate was
aerobic, catalase positive, motile, non-spore forming,
and did not have a capsule.

The rod-coccus growth cycle exhibited by the
isolate is characteristic of a limited number of
genera, specificallyBrevibacterium, Arthrobacter,
Corynebacterium, andRhodococcus.A comparison of
isolate R1 and these genera is presented in Table 1.
Based upon membrane fatty acid types, it was unlikely
that isolate R1 belonged in eitherCorynebacteriumor
Rhodococcus. Since R1 was isolated from subsurface
sediment (7–9 m below surface) it is unlikely that it is a
Brevibacteriumsp. Isolate R1 appears to be most sim-
ilar to Arthrobacterspp., which are typically isolated
from soil.

Attempts to identify the isolate based upon analy-
sis of membrane fatty acid profiles by MIS resulted in
multiple matches (MIS System Software 3.2 (Rev 3.2)
(Table 2). Matches and their corresponding similarity
indices were dependent upon the age of the culture
examined. The similarity index is a numerical expres-

Table 2. Characterization of isolate R1 at different culture
ages by MIS

Similarity Index

Match 24 h1 48 h2 10 d2

Micrococcus 0.564 0.737 0.48

M. roseus 0.564 0.737 0.48

M. various 0.356

Arthrobacter 0.409 0.705

A. protophormiae 0.409

A. globiformus 0.359 0.705

A. crystallopoietes 0.248

1 Results from Clinical Microbiology Laboratory, OSU Hos-
pitals.
2 Results from the laboratory of Dr. Hoitink, Dept. of Plant
Pathology, OARDC Wooster, Ohio.

sion (with a value between 0–1.0) of the correlation
between the fatty acid profile of the unknown and the
profile of a library match. A similarity index between
0.6 and 1.0 represents an excellent match; that is, there
is a high probability that the unknown is related to the
library match(es). The isolate was consistently typed
as either anArthrobactersp. or aMicrococcussp. The
highest similarity indices were 0.737 forMicrococcus
roseusat 24 h. and 0.705 forArthrobacter globiformus
at 10 d.
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According to Stackebrandt & Woese (1979) the
genusMicrococcusis not phylogenetically acceptable.
However, based upon the G + C content of the DNA,
16S rRNA sequences, and chemical cell wall analysis,
several investigators have suggested thatMicrococcus
is more closely related toArthrobacter than it is to
other coccoid genera (Kloos et al. 1974; Kocur et al.
1971; Stackebrandt & Woese 1979). Keddie (1974)
has suggested thatMicrococcusspecies should be re-
garded as arthrobacters locked in the coccoid stage
of the rod-coccus growth cycle. Since isolate R1 ex-
hibited a rod-coccus growth cycle, it clearly does not
belong in the genusMicrococcusas it is currently de-
fined. Based upon the results of the morphological,
physiological, and chemical tests, isolate R1 has been
identified as anArthrobacterspecies.

Substrate utilization

R1 was able to utilize citrate and simple alcohols and
carbohydrates including glycerol, d- and l-arabitol, in-
ositol, mannitol, sorbitol, d- and l-arabinose, ribose,
d-xylose, galactose, d-glucose, d-fructose, d-mannose,
l-fucose, and trehalose. Starch was not hydrolyzed
and there was no indication of urease activity. The
catabolic potential of the isolate on a range of sub-
strates is shown in Tables 3–5. With the exception
of tartrate, maleamate, and glutamine, isolate R1 ex-
hibited marked growth on the low molecular weight
organic acids surveyed, though growth on formate
was less substantial. Maleamate is thought to be
the focal point for the degradation of many pyridine
derivatives including nicotine, nicotinic acid, picol-
inic acid, and hydroxypyridines (Sims & O’Loughlin
1989). However, the inability of R1 to utilize malea-
mate does not preclude use of the maleamate pathway
for 2-HP degradation by this isolate. The malea-
mate pathway has been invoked in the degradation
of 2-HP byArthrobacterspp. (Shulka 1984), includ-
ing A. pyridinolis and A. crystallopoietes, neither of
which are able to utilize maleamate as a growth sub-
strate (Ensign & Rittenberg 1963; Kolenbrander et al.
1976). Citrate utilization was also indicated by the API
20Er results. The ability of R1 to utilize 2-, 3-, and
4-hydroxybenzoate, 2,5-dihydroxybenzoate (gentisic
acid), 3,4-dihydroxybenzoate (protocatechuic acid)
and catechol suggests that it possesses a number of
enzymatic pathways for the degradation of aromatic
compounds. Marginal growth was observed on 2-
hydroxybenzoate and 3,5-dihydroxybenzoate. Phenol,

Table 3. Growth of isolate on selected
low molecular weight organic acids

Substrate1 O.D. 660 nm2

Control3 0.000± 0.005

Formic acid 0.009± 0.002

Acetic acid 0.070± 0.009

Pyruvic acid 0.052± 0.005

Succinic acid 0.049± 0.005

Fumaric acid 0.056± 0.002

Maleic acid 0.060± 0.006

Tartaric acid −0.011± 0.001

Maleamic acid −0.011± 0.001

Propionic acid 0.085± 0.004

Citric acid 0.032± 0.002

Aspartic acid 0.173± 0.011

Glutamic acid 0.153± 0.012

Arginine 0.085± 0.003

Glutamine −0.004± 0.002

1 Purity of all chemicals (added at
100 mg L−1) was reagent grade or bet-
ter.
2 Mean± standard deviation (n = 3)
relative to control. Values represent
maximum measured O.D. normalized
to the maximum measured O.D. of the
control.
3 Mineral salts medium containing
30 mg L−1 yeast extract.

phthalate, and the remainder of the benzoates surveyed
restricted growth (relative to the control).

In contrast to the hydroxybenzoates, R1 was con-
siderably more selective in it’s utilization of aromatic
N-heterocycles; of 32 compounds tested, only 2-MP,
2-EP and 2-HP were degraded. The ability of R1 to
degrade substituted pyridine derivatives was highly
dependent upon the nature of the functional group and
its position on the ring. All of the pyridine derivatives
degraded by R1 were substituted in the ortho position.
While 2-MP, 2-EP , and 2-HP were readily degraded,
3- and 4-MP, 3-EP, and 3- and 4-HP all inhibited
growth. The ability of R1 to utilize alkylpyridines was
dependent upon the length of the alkyl chain; opti-
mal growth was observed on 2-MP, 2-EP supported
considerably less growth, and 2-propylpyridine inhib-
ited growth. Neither 2-pyridinecarboxaldehyde or 2-
pyridinecarboxylic acid were utilized and while 2-HP
was degraded, 2-hydroxyquinoline was not. Highly
selective substrate utilization is apparently not un-
common; many of the organisms which have been
found to degrade specific aromaticN-heterocycles
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Table 4. Growth of isolate on selected benzoates
and hydroxy-aromatic compounds

Substrate1 O.D. 660 nm2

Control3 0.000± 0.005

Benzoic acid 0.008± 0.001

2-Hydroxybenzoate 0.056± 0.0012

3-Hydroxybenzoate 0.125± 0.010

4-Hydroxybenzoate 0.131± 0.005

2,3-Dihydroxybenzoate −0.008± 0.001

2,4-Dihydroxybenzoate −0.004± 0.006

2,5-Dihydroxybenzoate 0.082± 0.005

2,6-Dihydroxybenzoate −0.016± 0.001

3,4-Dihydroxybenzoate 0.073± 0.017

3,5-Dihydroxybenzoate 0.005± 0.002

2-Aminobenzoate −0.015± 0.002

4-Aminobenzoate −0.016± 0.003

4-Methoxybenzoate −0.015± 0.001

Phenol −0.013± 0.002

Catechol 0.021± 0.003

o-Phthalic acid −0.018± 0.001

1 Purity of all chemicals (added at 100 mg L−1)
was reagent grade or better.
2 Mean ± standard deviation (n = 3) relative
to control. Values represent maximum measured
O.D. normalized to the maximum measured O.D.
of the control.
3 Mineral salts medium containing 30 mg L−1

yeast extract.

have shown limited degradative potential for other
compounds within this chemical class (O’Loughlin et
al. 1995; Shukla 1974; Shukla 1975; Shukla & Kaul
1974; Sims et al. 1986).

2-Methylpyridine degradation

Maximal growth of the isolate on both d-glucose and
2-MP was observed in the range of pH 6–9, peaking
at pH 7. However, there were significant differences
in growth at pH 5; while there was substantial growth
on glucose, growth on 2-MP was almost completely
inhibited. Growth in both systems was completely in-
hibited at pH 4. Since 2-MP is a pH dependent organic
cation with a pKa of 5.92, at pH 5 the protonated
species (2-methylpyridinium ion) predominates. The
attenuated growth response on 2-MP at pH 5 may have
been the result of a preferential uptake of the neu-
tral species or perhaps the lack of an appropriate ion
channel or transport system which would allow the
2-methylpyridinium ion to cross the cell membrane.

Isolate R1 was able to utilize 2-MP as the dominant
source of C, N, and energy; the yeast extract added

Table 5. Growth of isolate on selected aromatic
N -heterocycles

Substrate1 O.D. 660 nm2

Control3 0.000± 0.005

Pyridine −0.005± 0.004

2-Methylpyridine 0.153± 0.001

3-Methylpyridine −0.010± 0.001

4-Methylpyridine −0.012± 0.001

2,3-Dimethylpyridine −0.012± 0.001

2,4-Dimethylpyridine −0.013± 0.002

2,5-Dimethylpyridine −0.017± 0.001

2,6-Dimethylpyridine −0.012± 0.001

3,4-Dimethylpyridine −0.013± 0.001

3,5-Dimethylpyridine −0.014± 0.001

2,4,6-Trimethylpyridine −0.012± 0.001

2-Ethylpyridine 0.063± 0.009

3-Ethylpyridine −0.013± 0.002

2-Propylpyridine −0.011± 0.003

2-Hydroxypyridine 0.092± 0.004

3-Hydroxypyridine −0.021± 0.001

4-Hydroxypyridine −0.020± 0.001

2-Pyridinecarboxaldehyde −0.008± 0.001

3-Pyridinecarboxaldehyde −0.012± 0.001

2-Pyridinecarboxylic acid 0.001± 0.004

3-Pyridinecarboxylic acid −0.016± 0.004

4-Pyridinecarboxylic acid −0.010± 0.001

3-Hydroxypicolinic acid −0.008± 0.005

3,4-Pyridinedicarboxylic acid −0.020± 0.001

3,5-Pyridinedicarboxylic acid −0.021± 0.001

Quinoline −0.014± 0.002

2-Hydroxyquinoline −0.034± 0.001

4-Hydroxyquinoline −0.004± 0.004

5-Hydroxyquinoline −0.011± 0.001

2,4-Dihydroxyquinoline −0.018± 0.002

Isoquinoline −0.017± 0.001

Acridine −0.032± 0.001

1 Purity of all chemicals (added at 100 mg L−1) was
reagent grade or better.
2 Mean ± standard deviation (n = 3) relative to
control. Values represent maximum measured O.D.
normalized to the maximum measured O.D. of the
control.
3 Mineral salts medium containing 30 mg L−1 yeast
extract.

to the medium to provide growth factors provided an
additional source of carbon, nitrogen, and energy. The
growth response of the isolate to 2-MP increased with
increasing 2-MP concentration up to 10.7 mmol L−1;
above 10.7 mmol L−1 growth diminishes with increas-
ing 2-MP concentration. A pale yellow fluorescent
pigment was produced during late log to early station-
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Figure 1. Biodegradation of 2-methylpyridine with the subsequent
release of ammonium into the growth medium. Error bars equal one
standard deviation.

ary phase. No growth on 2-MP was observed in the
absence of molecular oxygen.

The biodegradation of 2-MP by the isolate is pre-
sented in Figure 1. Loss of 2-MP was paralleled by
growth of the isolate. The concentration of ammonia in
the medium was strongly correlated to the biodegrada-
tion of 2-MP, suggesting that degradation proceeded at
least to the point at which ring nitrogen was released.
The non-stoichiometric accumulation of ammonia was
attributed to incorporation into biomass and losses
from volatilization.

Analysis of the growth medium by reverse phase
HPLC provided no evidence of intermediates in
the degradative pathway. Although formation of hy-
droxylated intermediates has been observed during
the degradation of quinoline (Bennett et al. 1985;
O’Loughlin et al. 1995; Schwarz et al. 1988; Shukla
1986), hydroxy intermediates are not believed to be in-
volved in the degradative pathway of pyridine (Shukla
and Kaul 1974; Shukla & Kaul 1975; Sims et al. 1986;
Watson & Cain 1975). Cleavage of the pyridine ring
is believed to be initiated with partial reduction of
the ring. In the tentative pathway proposed by Shukla
(1974) for the degradation of 2-MP by anArthrobacter
sp., degradation was initiated by the partial reduction
of the ring, although no initial metabolites were de-
tected by chromatographic and ultraviolet examination
of the culture medium. Degradation terminated with
release of CO2 and NH+4 , and the incorporation of 2-
MP derived carbon and nitrogen into biomass. Though
cometabolism of 2-MP by aNocardiasp. (Golovlev
1976) terminated with the oxidation of the methyl

group to form picolinic acid (2-pyridinecarboxylic
acid), R1 could not use this substrate and there was no
evidence of its accumulation in the medium. Isolate R1
was able to utilize 2-hydroxypyridine, catechol, and
2,5- and 3,4-dihydroxybenzoate (gentisic and proto-
catechuic acid respectively), however, this does not in
itself imply that any of these compounds might have
a role in the degradative pathway; though it does sug-
gest catabolic diversity. Likewise, the inability of the
isolate to utilize picolinic acid does not eliminate the
possibility that it is an intermediate in the pathway.

Though no metabolites were detected during 2-MP
degradation by R1, the culture medium turned pale
yellow in late log phase. Chromatographic analysis
of methanol extracts of the lyophilized medium re-
vealed two main chromophores, which on the basis of
chromatographic and spectral analysis were identified
as riboflavin and lumichrome. Shukla (1974) reported
pigment production during 2-MP degradation by an
Arthrobacter sp.The pigments were identified as ri-
boflavin and a pale yellow compound with a bluish
fluorescence in the UV range. It was suggested that the
latter compound was a riboflavin degradation product
rather than an intermediate in the 2-MP degradative
pathway. Though no attempt was made to further
identify this compound, its physical properties were
similar to lumichrome. The same pigments were pro-
duced by this organism during degradation of 2-EP,
but not when grown on succinate. Isolate R1 produced
riboflavin and lumichrome only when grown on 2-
MP. Neither riboflavin nor lumichrome were detected
in the methanol extracts of the 2-EP medium residue
(or any of the other substrates screened). Overpro-
duction of riboflavin has also been observed during
degradation of pyridine byMicrococcus luteus(Sims
& O’Loughlin 1992). Since riboflavin biosynthesis
is thought to be controlled by coordinate repression
in bacteria (Brown & Williamson 1982), interference
with the regulatory mechanism would likely result in
overproduction.

Utilization of 2-Ethylpyridine

Isolate R1 was able to utilize 2-EP as the dominant
source of C, N, and energy. The growth response of
the isolate to 2-EP increased with increasing 2-EP con-
centration reaching a maximum at 10.0 mmol L−1.
Exposure of the isolate to 2-EP concentration above
50.0 mmol L−1 completely inhibited growth. A pale
yellow fluorescent pigment was produced during late
log to early stationary phase, though it was not as
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Figure 2. Biodegradation of 2-ethylpyridine with the subsequent re-
lease of ammonium into the growth medium. Error bars equal one
standard deviation.

intense as in the 2-MP cultures. Neither riboflavin
or lumichrome were detected in the medium during
growth of R1 on 2-EP. Maximal growth of the iso-
late on 2-EP was observed in the range of pH 6–9,
peaking at pH 7. There were significant differences
in the pH-growth response profiles below pH 6 on 2-
EP as compared with 2-MP, with significant growth
on 2-EP at pH 5. As with 2-MP growth was com-
pletely inhibited at pH 4. The degradation of 2-EP
by R1 was accompanied by growth and release of
NH+4 into the medium (Figure 2). The reduced bio-
mass supported by 2-EP relative to 2-MP suggests
that 2-EP is a somewhat less suitable substrate for R1.
The addition of carbon to the alkyl chain to produce
2-propylpyridine renders the compound toxic to R1;
thus it appears that the ability of R1 to utilize ortho-
substituted alkylpyridines is highly dependent upon
chain length. Though no metabolites were detected
by chromatographic analysis, it is clear that 2-EP
degradation proceeded to the point at which the ring
nitrogen was released and likely progressed to com-
plete mineralization or incorporation into the biomass.
Shukla (1974, 1975) has describedArthrobacterspp.
isolated from soil, which were able to degrade both 2-
EP and 2-MP, but was unable to detect any metabolites
by chromatographic and spectral analysis. However
Feng et al. (1994) have identified the initial step in the
degradation of 2-EP by a mixed culture as the oxida-
tion of the aromatic ring resulting in the formation of
2-ethyl-6-hydroxypyridine.

Utilization of 2-Hydroxypyridine

Isolate R1 was able to utilize 2-HP as the dominant
source of C, N, and energy. Maximal growth of R1
was observed at 100 mmol L−1. A series of pigments
were produced during the course of 2-HP degradation.
A bright blue pigment was produced during early log
phase. Subsequently the medium changed to purple
then to rose and finally to orange, after which there
was no apparent change in color. The series of pig-
ments were produced only when 2-HP was present
in the media. Color intensity was proportional to the
amount of 2-HP added to the media.

Production of pigments during the biodegradation
of 2-HP has been reported with otherArthrobacter
sp. Ensign and Rittenberg (1963) observed the pro-
duction of a blue pigment during 2-HP degradation
by Arthrobacter crystallopoietes. In liquid cultures
this blue pigment was transitory, and the medium
ultimately turned orange-brown in color. A blue pig-
ment with ultraviolet and visible spectra identical to
the pigment produced byA. crystallopoieteshas been
reported during degradation of 2-HP byArthrobac-
ter pyridinolis (Kolenbrander et al. 1976). The blue
pigment has been identified as 4,5,4′,5′-tetrahydroxy-
3′-diazadiphenoquinone-(2,2′) (Kuhn et al. 1965) and
is similar to a pigment produced by the spontaneous
oxidation of 2,6-dihydroxypyridine (Ensign & Rit-
tenberg 1963). While 2,6-dihydroxypyridine has not
been identified as a metabolite in the degradation of
2-HP, it has been identified as an intermediate in
the degradation of nicotine byArthrobacter oxydans
(Gherna et al. 1965) and during nicotinic acid oxida-
tion by a Bacillus sp. (Ensign & Rittenberg 1964).
An inducible oxidase which catalyzes the oxidation
of 2,6-dihydroxypyridine to 2,3,6-trihydroxypyridine
has been identified inA. oxydans(Holmes & Rit-
tenberg 1972; Holmes et al. 1972). Concurrent with
this reaction is the formation of a blue pigment with
spectral properties similar to 4,5,4′,5′-tetrahydroxy-3′-
diazadiphenoquinone-(2,2′) which is formed by the
spontaneous oxidation of 2,3,6-trihydroxypyridine in
air. It is likely that the blue pigment produced by R1 on
2-HP is an identical or related diaza-diphenoquinone.

Maximal growth of the isolate on 2-HP was ob-
served in the range of pH 5–9, peaking at pH 6. There
were significant differences in the pH-growth response
profiles below pH 6 on 2-HP as compared with 2-MP
and 2-EP. Growth at pH 5 was nearly as great as at
pH 6–9, however maximal growth did not occur until
after a lag of 5 days. At the conclusion of the ex-
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Figure 3. Biodegradation of 2-hydroxypyridine with the subsequent
release of ammonium into the growth medium. Error bars equal one
standard deviation.

periment, the cultures with an initial pH of 5 had an
average pH of 6.5, suggesting that maximum growth
was not achieved until after the pH of the medium had
increased closer to 6 (likely the result of release of
ammonium into the medium). Pigment production was
evident in all pH 5 to 9 cultures with maximum color
observed in the pH 6 cultures, however no pigments
were observed in the pH 5 cultures until after the 5
day lag. Unlike 2-MP and 2-EP, growth at pH 4 was
significant, though greatly diminished relative to the
cultures at pH 5 to 9 and there was no evidence of
pigment production.

The biodegradation of 2-HP by the isolate is pre-
sented in Figure 3. Loss of 2-HP was paralleled by
growth of the isolate; however on an equimolar basis,
2-HP supported significantly less biomass than 2-MP
and 2-EP. During 2-HP degradation byA. crystallopoi-
etesand A. pyridinolis pigment production accounts
for only approximately 20% and 50% respectively of
the 2-HP initially present. Thus it would seem likely
that the formation of blue pigment by these organisms
and R1 represents a side reaction concurrent with 2-
HP mineralization. This is consistent with the decrease
in biomass production by R1 on 2-HP relative to 2-
MP and 2-EP. As with 2-MP and 2-EP , accumulation
of ammonium in the medium was concurrent with 2-
HP disappearance, again suggesting that degradation
proceeded at least to the point at which ring nitrogen
was released. The appearance of blue pigment was
first evident 15 hours after inoculation. Analysis of the
growth medium by reverse phase HPLC provided no
evidence of intermediates in the degradative pathway.

Figure 4. Biodegradation of 2-methyl, 2-ethyl, and 2-hydroxypyri-
dine in a ternary system containing 2.15 mmol L−1 of each
substrate. Error bars equal one standard deviation.

Degradation of 2-MP, 2-EP, and 2-HP in a ternary
system

Isolate R1 showed preferential degradation of 2-HP in
media containing 2-HP, 2-MP, and 2-EP (Figure 4).
After an initial ten hour lag, 2-HP was completely re-
moved within 31 hours of inoculation. Production of
the blue pigment was evident at 20 hours after inocu-
lation. There was no apparent biodegradation of either
2-MP or 2-EP through 116 h after inoculation. The
loss of 2-MP and 2-EP from the cultures was consis-
tent with their loss through volatilization as observed
in the sterile control. At 116 h after inoculation, one of
the cultures was reinoculated with 2-MP grown cells.
Biodegradation of both 2-MP and 2-EP was evident
within 24 h after reinoculation (Figure 5). Biodegra-
dation of 2-MP and 2-EP in the culture which was
not reinoculated was not observed until 170 h and
193 h respectively. In both the system which was
reinoculated and that which was not, upon initiation
of 2-MP and 2-EP degradation, both were rapidly
utilized though 2-MP appeared to be degraded more
readily than 2-EP. In cultures in which only 2-MP or
2-EP were provided as substrates, degradation was ob-
served within 10 to 20 h after inoculation (Figures 1
and 2). It would appear that some aspect of the 2-HP
degradation process temporarily inhibits the induction
of the enzyme system(s) involved in 2-MP and 2-EP
degradation.
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Figure 5. Effect of reinoculation on 2-methyl and 2-ethylpyridine
biodegradation in a ternary system.

Conclusions

Isolate R1 appears to be unique among reported 2-
MP, 2-EP, and 2-HP degraders, even with respect to
theArthrobacterspp. which have been reported. It is
the first well-characterizedN-heterocycle degrading
Arthrobacter sp. isolated from subsurface material.
The 2-MP and 2-EP degradingArthrobactersp. iso-
lated from soil by Shukla (1974), was unable to utilize
2-HP and did produce riboflavin on both 2-MP and 2-
EP (R1 produced riboflavin only on 2-MP). There are
also differences between R1 and other reported 2-HP
degradingArthrobacter isolates. A. crystallopoietes
can degrade pyridine but is unable to utilize citrate,
while R1 can utilize citrate but is unable to degrade
pyridine.A. pyridinoliscan hydrolyze starch and both
A. crystallopoietesand A. pyridinolis isolates con-
tain the enzyme urease; R1 does not perform either
activity.

The data suggest that the pathway for 2-HP degra-
dation in R1 may be separate from the pathway(s) for
2-MP and 2-EP degradation; however, it is possible
that most of the pathway is shared and only one en-
zyme or one regulatory protein is different between the
pathways. In addition, the overproductionof riboflavin
during 2-MP degradation but not during 2-EP degrada-
tion, suggests that there is not complete convergence
between the two pathways; however since riboflavin
production in bacteria is thought to be controlled by
repression, it may be that 2-MP represses riboflavin

biosynthesis while 2-EP does not. Further elucidation
of the degradative pathway(s) would require studies
at the molecular level and is beyond the scope of this
investigation.

As compared with other aromaticN-heterocycle
such as pyridine and quinoline, there have been rela-
tively few well-characterized alkylpyridine degraders
described in the literature despite the widespread oc-
currence of these compounds in the environment; to
date, R1 is the only reported well-characterized 2-MP
degrader isolated fromN-heterocycle contaminated
material. R1 appears to have an unusually diverse
catabolic potential for anN-heterocycle degrader.
Further study of this organism will be necessary to
elucidate the degradative pathways for 2-MP, 2-EP
and 2-HP in this organism and to more clearly de-
scribe the microbial degradation of alkylpyridines and
hydroxypyridines in general.

The isolate has been made available to the research
community through the American Type Culture Col-
lection and is designated asArthrobactersp. ATCC
49987.
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